Effects of glucagon-like peptide-1 (GLP-1)(7-36)amide on fasted and fed motility in the rat small intestine were investigated in relation to its dependence on nitric oxide (NO), insulin, and somatostatin. Small bowel electromyography was performed using bipolar electrodes implanted 15, 25, and 35 cm distal to pylorus, and transit was studied with a radioactive marker. In the fasted state, GLP-1 ( 
Introduction
The gene-encoding glucagon is expressed both in the intestine and in the pancreas (1, 2) . The 160-amino acid glucagon precursor is processed differently in the intestine than in the pancreas (1, 3) . In pancreatic alpha cells the main processing products are glicentin-related pancreatic polypeptide, glucagon, and a major proglucagon fragment (1, (3) (4) (5) . In L-cells of the small intestine, the main products are glicentin, which may be cleaved further to glicentin-related pancreatic polypeptide and oxyntomodulin plus the two glucagon-related peptides, glucagon-like peptide-1 amide (GLP-1) 1 and glucagon-like peptide-2 (1, (3) (4) (5) (6) .
Accumulating evidence show that one of the intestinal products, GLP-1, stimulates insulin secretion, inhibits glucagon secretion, and enhances insulin sensitivity with great impact on glucose metabolism (6) (7) (8) (9) . In other studies on isolated rat pancreatic cells, GLP-1 has also been found to stimulate somatostatin secretion (10). Recent findings in man show that GLP-1 at physiological plasma concentrations is able to inhibit gastric emptying rate (11, 12), a mechanism that may further influence postprandial glucose metabolism. It is likely that effects on both hormonal responses and gastric emptying participate in the marked antidiabetogenic effect of GLP-1.
So far, the effect of the GLP-1 on motility of the small intestine has not been studied. The purpose of this study was to investigate the effects of GLP-1 on the small intestinal motor pattern in the fasted, as well as the fed state, using the GLP-1 receptor antagonist exendin amide. Because the motor responses to the peptide was of an inhibitory kind, the possible involvement of nitric oxide (NO) in its action on motility was investigated. Furthermore, the distinct possibility that the marked inhibitory effect of GLP-1 on motility is mediated by released insulin and somatostatin was studied.
Methods
107 male Sprague-Dawley rats (B&K, Sollentuna, Sweden) weighing 300-350 g were used for the study. The experimental protocol was approved by the local Ethics committee for animal experimentation in northern Stockholm, Sweden.
Preparation of rats for electromyography. 53 rats were anaesthetized with pentobarbital (50 mg kg Ϫ 1 intraperitoneally; Apoteksbolaget, Umeå, Sweden) and, through a midline incision, three bipolar stainless steel electrodes (SS-5T, Clark Electromedical Instruments, Reading, UK) were implanted into the muscular wall of the small intestine 15 (J1), 25 (J2), and 35 (J3) cm distal to the pylorus. All animals were supplied with one or two jugular vein catheters for administration of drugs. The electrodes and catheters were tunneled subcutaneously to exit at the back of the animal's neck. After surgery the animals were housed singly and allowed to recover for at least 7 d before experiments were undertaken. During recovery the rats were trained to accept experimental conditions. Experiments were then carried out in conscious animals after an 8-h fasting period in wirebottomed cages with free access to water. During the experiments, the rats were placed in Bollman cages. The electrodes were connected to an EEG preamplifier (7P5B) operating a Grass Polygraph 7B (Grass Instruments, Quincy, MA). The time constant was set at 0.015 s and the low and high cut-off frequencies were set at 10 and 35 Hz, respectively.
Design of electromyography studies. All experiments started with a control recording of basal myoelectric activity with four activity fronts propagated over all three recording sites during a period of ‫ف‬ 60 min.
In experiments with fasted motility pattern, the infusion of GLP-1, insulin, or somatostatin was started immediately after the fifth activity front had passed the first electrode site using a microinjection pump (CMA 100, Carnegie Medicine, Stockholm, Sweden). Similarly, in experiments with exendin(9-39)amide to antagonize the effect of GLP-1, the antagonist was administered after the fifth activity front followed later by a parallel infusion of GLP-1.
In a first series of experiments, GLP-1 at doses of 1-20 pmol kg Ϫ 1 min Ϫ 1 was administered intravenously for 60 min ( n ϭ 7). A second series of experiments was carried out with an intravenous infusion of exendin amide at a dose of 1,000 pmol kg was administered intravenously for an equal period ( n ϭ 7).
In a fifth series of experiments, the effect of the nitric oxide synthase inhibitor N -nitro-L -arginine (L-NNA) was studied on the response to GLP-1 ( n ϭ 6). After a 1-h control period, GLP-1 alone was given intravenously at a dose of 10 pmol kg
, was then administered intravenously 10 min before the administration of GLP-1 was repeated. Subsequently, further treatment with L -arginine 300 mg kg Ϫ 1 was given before another infusion of GLP-1.
In a sixth series, the effect of L-NNA on the response to somatostatin was evaluated ( n ϭ 8). Similarly, after a 1-h control period, somatostatin was administered intravenously at 500 pmol kg for 60 min. Then, L-NNA at a dose of 1 mg kg Ϫ 1 was given intravenously and the administration of somatostatin was repeated within 10 min.
In experiments with fed motility pattern, experiments were performed by feeding the rats 4-5 g of a cookie (McVitie's Hob-nobs, United Biscuits, Göteborg, Sweden) after the fifth activity front had disappeared at the first electrode site. This feeding procedure disrupted the migrating myoelectric complex (MMC) and induced irregular spiking as typically seen after food intake.
In a seventh series of experiments, GLP-1 at a dose of 5-40 pmol kg Ϫ 1 min Ϫ 1 was administered intravenously 15 min before food intake. The motility response to food after pretreatment with GLP-1 was compared to that without the peptide in the same animals ( n ϭ 8).
In an eighth series exendin amide at a dose of 1,000 pmol kg Ϫ 1 min Ϫ 1 was administered intravenously 15 min before food intake. The motility response to food after pretreatment with exendin(9-39)amide was compared to the response without the compound in the same animals ( n ϭ 6).
In a ninth series of experiments, the effect of L-NNA was studied on the response to GLP-1 in the fed state. L-NNA at a dose of 1 mg kg Ϫ 1 was first administered intravenously, followed 10 min later by GLP-1 at 20 pmol kg
. After 15 min, GLP-1 food was given and the postprandial motility response to GLP-1 after pretreatment with L-NNA was compared to that without L-NNA in the same animals ( n ϭ 6).
Preparation of rats for small bowel transit studies. 23 rats, previously provided with three bipolar electrodes and a jugular vein catheter for administration of drugs, were again anesthetized with pentobarbital (50 mg kg Ϫ 1 intraperitoneally). Through an abdominal midline incision, an indwelling polyethylene catheter (PE 50, Clay Adams, Becton Dickinson and Co., Parsippany, NJ) was implanted into the duodenum 1 cm distal to the first electrode site for administration of a radioactive marker solution. The catheter was tunneled subcutaneously to exit at the back of the animal's neck. After surgery, the animals were allowed to recover for at least 3 d before experiments were undertaken. Experiments were carried out with fasted motility after a fasting period of 8 h and performed on conscious animals in Bollman cages.
Design of studies. Immediately after an activity front of MMC had vanished from the first electrode site, an infusion of saline or GLP-1 was started and 0.4 ml of a radioactive transit marker solution consisting of polyethylene glycol 4000 containing 1. ) was administered slowly over a period of 30 s into the duodenum. After 60 min of infusion, the rats were then killed with an overdose of pentobarbital. The abdomen was opened, the gastrointestinal tract ligated at multiple points, and carefully removed in toto.
In a first series of experiments, saline was administered intravenously as control ( n ϭ 9). In a second and third series, GLP-1 was administered intravenously at doses 10 ( n ϭ 8) or 20 ( n ϭ 6) pmol kg
Preparation of rats for hormone release studies. 44 rats were kept under anesthesia using pentobarbital (50 mg kg Ϫ 1 intraperitoneally) and supplied with a jugular vein catheter for administration of saline or peptides. After surgery, the rats were allowed to recover.
Design of hormone release studies. In conscious animals, continuous infusions of different peptides were carried out for 30 min. Thereafter, blood samples of 5 ml were obtained by heart puncture under pentobarbital sedation. Blood samples were collected using heparinized Vacutainer ® tubes (Becton Dickinson, Meylan Cedex, France) and centrifuged at 3,000 rpm for 10 min. The plasma was pipetted off and stored in Ϫ 70 Њ C.
In a first series of experiments, saline ( n ϭ 6) was given, whereas in a second and third series, GLP-1 at doses of 20 ( n ϭ 6) or 100 ( n ϭ 6) pmol kg
were infused intravenously to analyze the plasma concentrations of GLP-1, insulin, and somatostatin attained with these treatments, as well as circulating blood glucose levels.
In a fourth series of experiments, insulin 80 pmol kg
, and in a fifth series, somatostatin 100 pmol kg
, were given intravenously to measure the plasma concentrations of insulin and somatostatin attained at these infusion rates. The doses of insulin and somatostatin were chosen, as they were the lowest ones affecting motility.
In a sixth series, the circulating levels of GLP-1 in response to feeding were analyzed. The conscious animals were fed 4-5 g of a cookie during a 30-min period. The rats were then anesthetized with pentobarbital sodium through the intravenous catheter and blood samples were obtained by heart puncture using heparinized tubes, as described above ( n ϭ 6).
In a seventh series, fasting plasma values of GLP-1 were obtained from a comparable group of rats that were deprived of food, studied for an equal time period, and killed in a similar manner ( n ϭ 8).
Assays. Immunoreactive insulin was measured by radioimmunoassay using antibodies against porcine insulin, raised in guinea pig and 125 I-labeled porcine insulin as tracer. Antibodies were incubated with samples before adding the labeled hormone. Rat insulin (Novo Nordisk, Bagsvaerd, Denmark) was used as a standard. The sensitivity of the assay was ‫ف‬ 1 pmol l
, and the sample volume 50 l. Dextrancoated charcoal was used to separate bound from free insulin. Intraand interassay coefficients of variation were 5 and 10%, respectively. The cross-reactivity with proinsulin was ‫ف‬ 100%. There was no crossreactivity between C-peptide and insulin in the assay (13) .
Immunoreactive somatostatin was analyzed with radioimmunoassay as described previously. The detection limit was 2 pmol l
, and the intra-and interassay coefficients of variation were 7 and 11%, respectively (14) .
The plasma concentrations of immunoreactive GLP-1 were measured as previously described (15) against standards of GLP-1 using antiserum 89390 raised against synthetic proglucagon 78-107 amide. This antiserum has an absolute requirement for the intact amidated C-terminal of GLP-1 and cross-reacts Ͻ 0.01% with C-terminally truncated or extended forms. The detection limit of the assay is 1 pmol l Ϫ 1 and the intra-assay coefficient of variation 5% at 20 pmol l
. Before radioimmunoassay of GLP-1, plasma was extracted with ethanol as described (16) .
Blood glucose concentrations were measured with a glucose oxidase method (17) .
Drugs and chemicals. GLP-1 was purchased from Saxon Biochemicals GmbH (Hannover, Germany). Exendin(9-39)amide and somatostatin were purchased from Peninsula Laboratories Ltd. (Merseyside, UK), whereas L-NNA and L-arginine was obtained from Sigma Chemical Co. (St. Louis, MO). Insulin (Actrapid™) was obtained from Novo Nordisk (Bagsvaerd, Denmark). The radioactive marker, Na 2 51 CrO 4 , was purchased from Amersham (Buckinghamshire, UK). Saline solution (Natriumklorid 154 mmol l Ϫ1 , Baxter Medical AB, Kista, Sweden) was used for control infusions and for dilution of peptides and drugs.
Data processing and statistical analysis. The main characteristic feature of myoelectric activity of the small intestine in the fasted state, the activity front, or phase III of MMC, was identified as a period of clearly distinguishable intense spiking activity with an amplitude at least twice that of the preceding baseline, propagating aborally through the whole recording segment and followed by a period of quiescence, phase I of MMC. Phase II of MMC was characterized as a period of irregular spiking preceding the activity front. Prolonged periods of Ͼ 30 min with scattered spike potentials, but no discernible cyclic activity, were considered as periods of disrupted MMC activity. Periods with no detectable spike potentials were considered as quiescence. Calculations of characteristics of MMC, such as the MMC cycle length, and the duration, propagation velocity, and calculated length of phase III were accomplished using a recently developed computer program (18, 19), which permits a detailed descriptive analysis of the MMC.
Small bowel transit was computed as the geometric center for the distribution of the radioactive marker along the gut. The small intestine was divided into 10 segments of equal size and their content of radioactive marker was measured in a gamma counter (Compucount, Beckman, Fullerton, CA). The geometric center for the distribution of the radioactive marker was calculated as the relative amount of the radioactive marker in each segment multiplied by the individual number of each segment (starting from the pylorus) and added to obtain the geometric center for the distribution of the marker in the small intestine (20, 21) . Experiments in the fed state were carried out with computerized recordings of the spiking activity with a sampling frequency of 200 Hz and a cut-off level of 5% as described previously (19). In brief, intestinal spiking activity at all electrode sites was recorded for 10 min, beginning 30 min after start of food intake. The spiking activity was computed and expressed as number of spikes per 10 s.
Data are expressed as means and 95% confidence interval within parenthesis of n experiments. Data were statistically compared as repeated measures using ANOVA followed by Bonferroni after test or paired observations using Student's t test where appropriate. P Ͻ 0.05 in two-tailed tests was considered statistically significant.
Results

Studies of the fasted motor pattern
Under fasting conditions, all rats exhibited a fasted motor pattern with recurring MMCs that were propagated through the intestinal segment under study. , the MMC was completely disrupted during the infusion period (P Ͻ 0.05; Fig. 1 ). GLP-1 increased the MMC cycle length in a dose-dependent manner (Fig. 2) . The characteristics of phase III in controls with a duration of 3.5Ϯ1.0, 3.6Ϯ0.8, and 3.5Ϯ0.5 min at the J1, J2, and J3 sites of the jejunum, a propagation velocity of 1.7Ϯ1.1 and 1.5Ϯ0.7 cm min Ϫ1 , as well as a calculated length of 6.2Ϯ4.2 and 5.4Ϯ2.3 min between the J1 and J2, as well as J2 and J3 sites, respectively, were not changed until motor quiescence was induced. During the infusions of GLP-1 the general condition of the animals was not affected.
Pretreatment of the rats with exendin(9-39)amide intravenously at a dose of 1,000 pmol kg 5 . Distribution of the radioactive marker and calculated geometric center (GC) for the marker in the small intestine after 60 min in control rats receiving saline (n ϭ 9), and in rats receiving GLP-1 intravenously at doses of 10 pmol kg Ϫ1 min
Ϫ1
(n ϭ 8) and 20 pmol kg Ϫ1 min Ϫ1 (n ϭ 6). Mean values and 95% confidence interval. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. without affecting the basal MMC pattern (P Ͻ 0.05). The control MMC cycle length of 15.4Ϯ9.3, 19.7Ϯ11.5, and 20.6Ϯ10.2 min at J1, J2, and J3, respectively, was not significantly changed after infusion of exendin(9-39)amide alone or in combination with GLP-1. Similarly, the duration, propagation velocity, and calculated length of phase III during the infusions were not significantly changed compared to the controls above (Fig. 3) .
In addition, pretreatment of the animals with L-NNA intravenously at a dose of 1 mg kg Ϫ1 effectively blocked the action of GLP 10 pmol kg Ϫ1 min Ϫ1 on MMC. Thus, the recycling MMC pattern was preserved during the whole infusion period (P Ͻ 0.05), though with a lower amplitude. After L-NNA, the GLP-1-induced inhibition of MMC was reinstated by additional administration of L-arginine at a dose of 300 mg kg Ϫ1 before administration of the peptide (P Ͻ 0.05; Fig. 4) .
Infusions of GLP-1 at a dose of 20 pmol kg Ϫ1 min Ϫ1 increased the plasma levels of GLP-1 from 14.7Ϯ19.7 in controls to 77.8Ϯ54.5 pmol l Ϫ1 (P Ͻ 0.01).
Effects of GLP-1 on transit of contents in small bowel.
GLP-1 at infusions of 10 and 20 pmol kg
Ϫ1
min
Ϫ1 slowed the propulsion of contents through the small bowel in a dosedependent manner. This effect was verified by a progressive decrease of the geometric center for the distribution of the marker in the small bowel with increasing doses of GLP-1 (P Ͻ 0.001) (Fig. 5) . , the animals acutely appeared more nervous and aggressive.
Effects of insulin and somatostatin on MMC. Insulin at a dose of 40 pmol kg
Insulin at a dose of 80 pmol kg Ϫ1 min Ϫ1 increased the plasma level of insulin from control levels of 279.0Ϯ242.0 to 6600.0Ϯ6219.0 pmol l Ϫ1 (P Ͻ 0.01), whereas the plasma levels of GLP Ϫ1 were unchanged (14.7Ϯ19.7 versus 7.2Ϯ6.1 pmol l Ϫ1 , respectively).
Somatostatin at doses of 100-500 pmol kg Ϫ1 min Ϫ1 had inhibitory effects on the MMC. At 100 pmol kg Ϫ1 min Ϫ1 the MMC cycle length was increased (P Ͻ 0.05) (Fig. 7) . With increasing doses of somatostatin, the MMC cycle length increased in a dose-dependent manner until quiescence was induced during the whole infusion period (Fig. 8) . However, the inhibitory effect of somatostatin on MMC was different from that induced by GLP-1 and appeared more irregularly. The characteristics of phase III during infusion of somatostatin were not different from those observed during the control period, except for a slightly shorter duration of phase III seen at J1 with the highest dose of somatostatin (2.2Ϯ1.4 min; P Ͻ 0.05). Under control conditions, the duration of phase III of MMC was 3.7Ϯ0.9, 3.7Ϯ1.2, and 3.5Ϯ1.4 min at the J1, J2, and J3 sites of jejunum, the propagation velocity 1.5Ϯ1.0 and 1.9Ϯ0.7 cm min
Ϫ1
, and the calculated length 5.2Ϯ2.8 and 6.9Ϯ2.5 min between the J1 and J2, as well as the J2 and J3 sites, respectively. The general condition of the rats was not affected by somatostatin. (Fig. 9) .
Infusion of somatostatin 100 pmol kg , the plasma levels of insulin did not change, and the blood glucose levels were unaffected. However, during the infusions of GLP-1, the plasma levels of somatostatin increased significantly in a dose-dependent manner (P Ͻ 0.01) ( Table I) .
Studies of the fed motor pattern
After food intake the fasted motor pattern was disrupted and replaced by a fed motor pattern with irregular spiking at all recording sites in the intestinal segment under study. , respectively. In contrast, pretreatment with exendin(9-39)amide intravenously at a dose of 1,000 pmol kg Ϫ1 min Ϫ1 stimulated the myoelectric response after food intake. Compared to food alone, the spiking activity at the J1 level increased from 13.5Ϯ4.3 to 17.9Ϯ4.5 spikes 10 s Ϫ1 and at J2 from 12.9Ϯ4.4 to 18.8Ϯ5.9 spikes 10 s Ϫ1 (both P Ͻ 0.05). At the J3 level only a modest increase of spiking activity from 12.0Ϯ6.8 to 14.6Ϯ5.5 spikes 10 s Ϫ1 was noted (Fig. 11) .
Effects of GLP-1 and exendin(9-39)amide on fed myoelectric activity. Intravenous infusion of GLP-1 at doses of 20 and 40 pmol kg
Effect of food intake on circulating levels of GLP-1. After food intake, the circulating levels of GLP-1 increased. 30 min after feeding, the plasma level of GLP-1 was found to be 33.5Ϯ16.2 pmol l
Ϫ1
, with maximal values amounting to 54 pmol l
. In control rats the plasma level of the peptide was 11.8Ϯ9.3 pmol l Ϫ1 (P Ͻ 0.01).
Discussion
The naturally occurring gut peptide GLP-1 is secreted from L-cells in the distal ileum and has prominent effects on the endocrine pancreas and glucose metabolism. GLP-1 is an important incretin, i.e., a humoral factor from the intestinal tract, which at physiological concentrations potentiates the glucoseinduced insulin release (22) . Motility of the small intestine is easiest to investigate under fasting conditions because of the presence of a motor pattern that can be predicted to recur within certain intervals, i.e., the MMC with phase I, phase II, and the prominent phase III, which exhibits a maximal contractile activity for that part of the intestine. After food intake, however, the motility pattern changes to a hitherto mathematically undefined pattern of irregular spiking activity all over the small intestine.
Intravenous infusions of GLP-1 at doses as low as 10 pmol Mean values and 95% confidence interval (n ϭ 6). **P Ͻ 0.01. kg Ϫ1 min Ϫ1 disrupted the MMC and induced myoelectric quiescence in a dose-dependent manner. Concomitantly, the transit of contents in the small intestine was inhibited in a similar fashion. This effect is well in agreement with our earlier studies in the rat showing that replacing the MMC by myoelectric quiescence slows propulsion through the gut (21, 23), and should also be valid for the replacement of fed myoelectric by quiescence, as irregular spiking has been considered to promote a substantial propulsion through the gut (24, 25) , whereas quiescence does not (21) . The effect of GLP-1 on MMC and transit was substantiated by calculation of the geometric center for the distribution of the intestinal marker, which provides a robust measure of the transit rate (20) .
At infusion rates of GLP-1 up to 20 pmol kg
, the plasma concentrations reached were within or close to the physiological range as shown in our present experiments in the rat and in previous work in man (26) . The relatively higher dosage required in rats to achieve similar plasma concentrations as in humans can be explained by the fact that the clearance rate of GLP-1 is 10-20 times higher in rats than in man (27). It is reasonable to use a higher infusion rate of the peptide in rats to achieve comparable plasma concentrations as in humans. In addition, the inhibitory motor response to GLP-1 was abolished by pretreatment with the GLP-1 receptor antagonist exendin(9-39)amide (28) . Commensurate with this, exendin(9-39)amide used as a GLP-1 receptor antagonist has been shown to reduce the incretin effect in rats challenged with an intraduodenal glucose load (29), and hence, exendin(9- The effect of GLP-1 on MMC was clearly distinguishable from that of insulin, which induced irregular spiking similar to that seen after food intake (19, 30). Also, somatostatin disrupted the MMC and induced quiescence in a different manner to that of GLP-1, provided that the peptide was administered at high doses causing supraphysiological plasma concentrations. Therefore, it seems most likely that the inhibitory effect of GLP-1 on the MMC pattern is directly mediated by GLP-1 on the motility-regulating systems of the gut, and not via a hormonal release of insulin or somatostatin. Because the inhibitory response of GLP-1 on MMC was blocked by treatment with the NO synthase inhibitor L-NNA, and as this effect was possible to revert by additional treatment with L-arginine at a high dose, it seems likely that the inhibitory effect of GLP-1 on MMC is dependent on the elaboration and release of NO in the enteric nervous system or smooth muscle. Alternatively, in support of this, earlier studies indicate a close relationship between relaxatory responses of the gut and NO (31, 32) , especially the MMC (33, 34) , where also the action of vasoactive intestinal peptide has been shown to be involved (35) . The possibility of an unspecific inhibition of the effect of GLP-1 secondary to a blood pressure increase after L-NNA seems less likely, as L-NNA does not affect the inhibition of motility caused by other peptides, such as vasoactive intestinal peptide (35) .
In addition to its inhibitory effects on the MMC, GLP-1 was shown to block the fed myoelectric pattern in the rat. This effect of the peptide seemed to require somewhat higher doses than the inhibition of the fasting myoelectric pattern and could not be shown to be dependent on NO. However, such a finding is not very surprising, as a host of different gastrointestinal peptides are considered to cooperate in the stimulation of motility after food intake. In line with an inhibitory action of GLP-1 on fed motility, we found that the GLP-1 receptor antagonist exendin(9-39)amide modestly increased the motility response to food intake. Because the array of gastrointestinal peptides released after food intake all work through distinct receptor mechanisms mainly to stimulate postprandial motor activity, it is not very likely that one single peptide with an inhibitory receptor, such as GLP-1, should be of vital importance for the regulation of postprandial motility.
The results from other studies indicate that GLP-1 exerts weak insulin-releasing properties at euglycemia (6, 12) . In our present study, however, GLP-1 did not stimulate insulin release even at doses as high as 100 pmol kg Ϫ1 min
Ϫ1
. Thus, during postabsorptive conditions, motility of the gastrointestinal tract seems to be considerably more sensitive to GLP-1 as compared to responses of pancreatic ␤ cells.
GLP-1 has also been found to stimulate somatostatin release in rat pancreatic cell cultures (10), and in both the perfused pig and dog pancreas (36) . In contrast to insulin release, GLP-1 markedly stimulates somatostatin release also at low glucose levels (9) . Similarly, in our experiments GLP-1 at 100 pmol kg Ϫ1 min Ϫ1 markedly enhanced somatostatin, but not insulin, release. However, the release of somatostatin to peripheral blood was obtained at doses of GLP-1 higher than those required to inhibit the MMC. In addition, in other species such as dog (37) and man (38), somatostatin has been shown to stimulate premature MMC, which is different from the rat. This supports our conclusion that the inhibitory effect of GLP-1 on motility under physiological circumstances is not mediated by a release of somatostatin. In this context, it is of interest that the insulin-stimulating effect of GLP-1, both in the amidated and nonamidated form, has been shown to be glucosedependent (8, (39) (40) (41) . Therefore, our results using fasted rats for hormone release experiments may not be representative for postprandial conditions when GLP-1 may simultaneously influence both gastrointestinal motility and hormonal responses. Furthermore, the finding that the inhibitory action of somatostatin on the MMC was not affected by L-NNA strengthens our conclusion that the effect of GLP-1 on motility is not mediated by somatostatin, neither as a circulating hormone nor as a local mediator at the intestinal level.
Taken together, it seems that GLP-1 acts directly on gastrointestinal motor functions to cause an inhibition of motility. Such an effect may be of great importance for the preabsorptive delivery of nutrients to the intestine via a slowed propulsion through the gut. A decreased absorption rate of nutrients is considered beneficial to decrease the requirements of insulin to maintain normoglycemia. In support of this view, Gutniak and co-workers (26) have found that meal-related insulin requirements and plasma insulin levels after GLP-1 infusion in both insulin-dependent and non-insulin-dependent diabetic patients are greatly reduced. Hence, speculations have been made that GLP-1 may act as a novel treatment for diabetes mellitus, especially in non-insulin-dependent diabetes mellitus (42, 43) . We believe that these mechanisms, together with the inhibition of gastrointestinal motility, involving also gastric emptying, play an important role for the marked antidiabetogenic effect of GLP-1 demonstrated in patients with NIDDM and IDDM. In support of such an antidiabetogenic mechanism, Nauck and collaborators have recently found the inhibitory action of GLP-1 on gastric emptying to outweigh its insulinotropic effect in healthy humans (44) .
Interestingly enough, a number of peptide hormones from the proximal small intestine that have been considered as incretin candidates not only release insulin from the pancreas, but also inhibit gastrointestinal motility, mainly gastric emptying. Such an effect should diminish insulin requirements in relation to food intake. This double effect is obvious for gastric inhibitory peptide, which, however, has a lower insulin-releasing capacity than GLP-1 (7, 45) and inhibits gastric emptying only at supraphysiological plasma concentrations (46). Another incretin candidate with similar properties is cholecystokinin, which releases insulin upon food intake (47, 48) and causes slowing of gastric emptying at physiological plasma levels (49) . Thus, even if earlier findings implicate that the inhibitory actions on gastrointestinal motility by various incretins may be attributed to a common pathway through their ability to release insulin to the circulation, our present data show that the inhibitory action of GLP-1 on gastrointestinal motility in the rat is not mediated via insulin, because the motor pattern after administration of GLP-1 was clearly different from that obtained with insulin. Therefore, it seems most likely that GLP-1, and possibly other incretin candidates, such as gastric inhibitory peptide and cholecystokinin, inhibit gastrointestinal motor activity by distinct mechanisms acting directly on enteric neurons or smooth muscle cells, separate from the insulin-releasing mechanisms in the pancreas. As an alternative explanation for its effects on motility, GLP-1 may be released to act as a humoral afferent link with effects on the circumventricular organs, such as area postrema, in the brain. Thus, vagal nonadrenergic noncholinergic mechanisms could be stimulated, resulting in NO release and inhibition of motility.
In conclusion, the inhibitory effect of GLP-1 on gastrointestinal motility seems neither to be mediated via insulin nor somatostatin, but instead through direct mechanisms acting directly in the enteric nervous system or on smooth muscle cells partly dependent on the L-arginine/NO pathway.
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